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Abstract 
Irrigated agricultural sector meets challenge in using water efficiently and effectively while improving food 
acquisition. One of the strategies to increase food production dealing with water scarcity is by increasing crop water 
productivity. Spatial data of crop water productivity parameters on large area is needed to support better water 
resources management. Remote sensing provides viable means to meet requirement of improved regional-scale data 
set of crop water productivity, such as crop water consumption (evapotranspiration) and crop yield. A methodology is 
developed to quantify spatial variation of seasonal evapotranspiration (ET) of lowland rice in paddy field with 
heterogeneous cropping calendar using satellite data. The methodology is developed by synthesizing SEBAL 
(Surface Energy Balance Algorithm for Land) method and lowland rice phenology detection method. Study area is 
located in the northern part of West Java Province, known as Pantura Jawa Barat region. The developed method is 
able to describe spatial variability of lowland rice evapotranspiration in Pantura Jawa Barat region for the growing 
period of dry season year 2004. The average seasonal actual evapotranspiration of rice is found to be 274.5 
mm/season with standard deviation ± 44.7 mm/season. 
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1. Introduction 
Rapid population growth raises the need for food. At the same time, pressures of limited fresh water 
resources increase. With increasing water scarcity, less water will be available for agricultural sector. This 
situation creates challenge to irrigated agricultural sector in using water efficiently and effectively while 
improving the food acquisition. Irrigated agriculture is one of huge consumers of fresh water. Considering 
the growing water scarcity, it is essential to use irrigation water more efficiently.  
One of the strategies to increase food production dealing with water scarcity is by increasing crop 
water productivity (CWP) [1]. In a system where water becomes the limiting factor, agricultural 
production is counted per unit of water consumed instead of per unit of land. To meet this challenge, the 
production per unit water consumed must be increased. Zwart and Bastiaanssen [1] define CWP as ratio 
of crop yield to actual evapotranspiration (water consumption). Spatial data of crop water productivity 
parameters on large area is needed to support better water resource management. Remote sensing 
provides viable means to meet the requirement of improved regional-scale data set of crop water 
productivity, such as evapotranspiration and crop yield.  
Evapotranspiration (ET) of irrigated land is useful indicator to evaluate adequacy and reliability of 
irrigation as well as equity in water use. Conventional method of evapotranspiration computation is based 
on climate data [2]. It is difficult to estimate spatio-temporal variations in evapotranspiration based on 
point observation of meteorological quantities. Better regional estimation of evapotranspiration can be 
retrieved from satellite remote sensing. This kind of method provides powerful means to compute actual 
evapotranspiration (ETa) from individual pixel to an entire image. One of the most popular remote 
sensing algorithms in the retrieval of ETa is Surface Energy Balance Algorithm for Land (SEBAL). It is a 
robust remote sensing model that can be applied to estimate different components of energy balance of 
the earth surface and thus also actual evapotranspiration (ETa) [3].  
including Indonesia. Cultivation of lowland rice is constrained by some physical factors such as solar 
radiation, temperature and water. In tropical area such as Indonesia, temperature and solar radiation could 
not be limiting factors for cultivation, thus rice cropping season is planned by a schedule of irrigation or 
even by farmers arbitrary decision. Such conditions cause complex cropping pattern, where crop rotations 
are different among locations, mixed with different cropping calendar. It causes problems in the 
calculation of seasonal evapotranspiration of rice since paddy fields appear to have heterogeneous 
cropping calendar. As a result, to estimate rice seasonal evapotranspiration, we have to know planting and 
harvesting dates of every paddy field pixel. A number of studies have explored satellite images potential 
for detecting lowland rice phenology and cropping schedule. Sari et al. [4] have developed a method to 
detect lowland rice phenology using time series satellite images. The method resulted the planting, 
heading and harvesting dates of lowland rice on pixel-by-pixel basis.  
The main purpose of this study is to develop a methodology to quantify spatial variation of seasonal 
actual evapotranspiration (ETaGS) of lowland rice in paddy fields with heterogeneous cropping calendar 
using satellite data. Research methodology is applied by synthesizing SEBAL method and lowland rice 
phenology detection method. Additional purpose is to map and assess spatio-temporal water use patterns 
of lowland rice in the northern part of West Java as one of the most important rice-producing regions in 
Indonesia. 
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2. Materials and Methods 
2.1. Study Area 
The study area is located in the northern part of West-Java Province, Indonesia. Figure 1 presents 
location of the study area which comprises 5 districts, i.e. Bekasi, Karawang, Subang, Indramayu and 
Cirebon. It has about 5.038 km2 of paddy field. It is the center of rice producing regions in West-Java. 
Climate of the area is tropical humid with annual average precipitation approximately 1500 to 2000 mm. 
Common rice cropping pattern in this area consists of three periods: first rice or wet season (WS) rice 
(October/November January/February), second rice or dry season I (DS I) rice (March/April June/July) 
and secondary crop/fallow or dry season II (DS II) rice (July/August  November/December) [5]. 
 
 
Fig. 1. Location of the study area in the northern part of West-Java Province  
2.2. Data 
Applied data in this study consist of MODIS, DEM and weather data. Time-series MODIS data of 
level 2 (L2) and 3 (L3) were employed (see details in Table 1). The MODIS sensor has 36 spectral bands, 
seven of which are designed for the study of vegetation and land surfaces. MODIS data downloaded from 
the USGS EROS Data Center website (http://lpdaac.usgs.gov). Moreover, for detecting rice phenological 
stages, a complete one year data set of MOD09A1 data for 2004 was applied. The preprocessing 
parameters required for SEBAL include the Normalized Difference Vegetation Index (NDVI), surface 
emissivity ( 0), broadband surface albedo ( 0) and land surface temperature (LST). Cloudless scenes 
availability of MODIS data over the study site was limited. Eleven dates of MOD11A1 data were selected 
during the period from May to October 2004. In addition to satellite data, SEBAL approach needed some 
weather data (wind speed (ux) and solar radiation (Rsin)). For this study, the data were obtained from 9 
weather stations over the northern part of West Java.  
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Table 1. Applied MODIS Data to Estimate Seasonal Actual Evapotranspiration.  
Data 
Product 
Layer Spatial 
Resolution 
Temporal 
Resolution 
Purpose Date (DOY 2004) 
MOD09A1 Surface reflectance, band 
1-7 
500 m 8-day Surface 
albedo 
129, 153, 163, 177, 201, 209, 
225, 233, 241, 249, 273  
EVI & LSWI 1, 9, 17, ..., 353, 361 (46 images)  
MOD11A1 Land surface 
temperature & 
emissivity,  band 31-32 
1000 m daily Land surface 
temperature 
& emissivity 
132, 154, 168, 182, 205, 212, 
225, 233, 242, 253, 280  
EVI: Enhanced Vegetation Index; LSWI: Land Surface Water Index 
2.3. Methods 
2.3.1. SEBAL Model 
The SEBAL procedure consists of set of equations that solve complete energy balance (Eq.1): 
HGRET 0na    (1) 
where ETa = latent heat flux (the energy used to evaporate water); Rn = net radiation on the surface; G0 = 
soil heat flux; and H = sensible heat flux to the air. The algorithm computes net radiation, sensible heat 
flux and soil heat flux. The latent heat flux is acquired as a residual in energy balance equation. All 
computations are made specific to each pixel in the image. A number of publications are released on 
SEBAL approach and its applications describing the entire procedure [3, 6]. Rn is computed from 
satellite-measured broadband surface albedo, vegetation index and surface temperature, along with 
ground measurements of global radiation. G0 is predicted using vegetation indices computed from 
spectral data and net radiation. H is estimated from surface temperature, surface roughness and wind 
speed.  
The latent heat flux is applied to compute the instantaneous evaporative fraction ( ) using Eq. 2: 
0n
0n
0n
a
GR
HGR
GR
ET    (2) 
The evaporative fraction tends to be constant during daytime hours. For daily time scale, actual 
evapotranspiration, ETa24 (mm d-1), can be computed as: 
24n
w
3
24a R
1086400ET    (3) 
where Rn24 is the 24-hour average net radiation,  (J kg-1) is the latent heat of vaporization and w (kg m-3) 
is the density of water. The cumulative evapotranspiration can be predicted from the time integrated 
equation: 
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dt,24n
w
3
dt,a R
1086400ET    (4) 
where ETa,dt (mm interval-1) is the cumulative actual evapotranspiration during interval dt measured in 
days and Rn24,dt (W m-2) is the average Rn24 value for time interval dt (period between two consecutive 
image dates). The evaporative fraction is assumed to be constant during interval dt. The accumulated 
evapotranspiration for a period of 10 to 20 days can be predicted satisfactorily from Eq.(4) [7]. The 
seasonal actual evapotranspiration (ETaGS) is obtained by summing the values of ETa,dt from the beginning 
to the end of the season: 
n
1
)i(dt.aaGS ETET    (5) 
where ETa,dt(i) is the accumulated actual evapotranspiration for interval dti and n is the number of 
accumulated ETa,dt(i) calculated during the growing season. Therefore, we need to know the planting and 
harvesting dates. For paddy fields with homogeneous cropping calendar, we are able to obtain planting 
and harvesting dates of rice from available cropping calendar which is published by the Ministry of 
Agriculture or from irrigation schedule. The calculation of ETaGS for a large area can be done by assuming 
homogeneous planting and harvesting dates for the whole area. However, it is not suitable for paddy 
fields with heterogeneous cropping calendar. Every paddy field may have different planting and 
harvesting date. Moreover, cropping calendar is not always available. In this study, rice phenology 
detection method developed by [4] is combined with SEBAL model in order to detect planting and 
harvesting dates on pixel-by-pixel basis and to use the results to calculate ETaGS for every rice pixel. 
2.3.2. Lowland Rice Phenology Detection Model  
Lowland rice has a physical unique feature. The rice plants are grown on flooded soils. The 
phenological stages of lowland rice can be characterized by three main periods: (1) the flooding and rice 
transplanting period; (2) the growing period (vegetative growth, reproductive and ripening stages); and 
(3) the fallow period after harvest [8]. During the flooding and rice transplanting period, the land surface 
is a mixture of surface water and green rice plants. As rice plants growing, leaf and stem moisture content 
decrease. Next, number of green leaves also decrease in the end of the growth period prior to harvesting. 
For optical sensors, detection of changes in the mixture of surface water and green vegetation in paddy 
fields requires spectral bands or vegetation indices that are sensitive to both water and vegetation. Sari et 
al. [4] used a combination of EVI and LSWI indices to detect lowland rice phenological stages. The 
algorithm and threshold values for detecting the phenological stages of rice are shown in Figure 2 (see 
details in [4]). The algorithm starts to identify the phenological stages by detecting the heading date (HD). 
The second step is the detection of planting date (PL) and the last step is the detection of harvesting date 
(HV). The growing period of rice plants can be calculated by subtracting harvesting date by planting date.  
2.3.3. Methodological Framework   
Figure 3 shows the schematic overview of the methodological framework to estimate lowland rice 
seasonal evapotranspiration based on heterogeneous cropping calendar. 
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3. Results and Discussion 
Figure 4 shows the maps of daily actual evapotranspiration using MODIS data for the study area on 11 
days during dry season 2004. Daily actual evapotranspiration (ETa24) maps clearly indicate spatio-
temporal variation of ETa24 across paddy field in the study area. Table 2 shows the statistic of 11 daily 
actual evapotranspirations of this study. Only pixels of paddy field with growing period between May and 
October 2004 that were calculated; 121 DOY is the earliest planting date, while 304 DOY is the latest 
harvesting date. 
 
Input:
EVI & LSWI
Heading Date (HD) Detection 
Identification of the time of max of EVI as HD:
EVI(t) = max(EVI(ti)) 
AND
EVI(t) >= 0,5
Planting Date (PL) Detection
 Checking PL after the time of HD:
LSWI(t-8)+0,05 >= EVI(t-8) 
OR 
 LSWI(t-9)+0,05 >= EVI(t-9)
OR
 LSWI(t-7)+0,05 >= EVI(t-7)
Harvesting Date (HV) Detection
Checking HV after the time of PL:
EVI(t+14)+0.05 >= LSWI(t+14) AND EVI(t+14) <= 0.3
OR
 EVI(t+15)+0.05 >= LSWI(t+15) AND EVI(t+15) <= 0.3
OR 
EVI(t+13)+0.05 >= LSWI(t+13) AND EVI(t+14) <= 0.3
Output:
HD, PL, HV
 
Fig. 2. Flowchart of the lowland rice phenological detection method (after [4]) 
 Table 2. Statistic of Daily Actual Evapotranspiration.  
DOY 2004 132 154 168 182 205 212 225 232 242 253 280 
ETa24 (mm/day) 
 2.66 2.41 2.86 2.51 1.21 2.13 2.15 2.48 3.17 3.14 3.38 
Std   0.52 0.56 0. 46 0.51 0.54 0.52 0.78 1.07 0.65 0.68 0.64 
  = mean; Std = standard deviation 
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Fig. 3. Schematic overview of the methodological framework 
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Fig. 4. Spatio-temporal variation of daily actual evapotranspiration of paddy field area in the northern part of West Java.  
Table 3 presents seasonal actual evapotranspiration (ETaGS) of lowland rice in the northern part of West 
Java during dry season 2004. Average growing period of lowland rice in the study area was around 120 
days. Generally, higher values of ETaGS appear in northern area (shown in light and dark blue colors) 
while lower values appear in southern area (in yellow and red colors) (see Figure 5). Highest ETaGS 
occurred in northern part of Karawang, Subang, and Indramayu districts. Lowest ETaGS (red color) 
covered around 2% of the paddy field area, spreaded in southern areas. 
              Table 3. Seasonal actual evapotranspiration of lowland rice in the northern part of West Java in dry season 2004. 
 Min (mm/season) Max (mm/season)  (mm/season) Std (mm/season) CV 
ETaGS 94.9 422.6 274.5 ± 44.7 0.16 
               Min=minimum; Max=maximum; =mean; Std=standard deaviation; CV=coefficient of variation 
Lowland rice ETa will vary depend on the climate condition and growing season. Average daily ETa in 
Sri Lanka region estimated based on SEBAL model by Bandara [9] using MODIS data is 4.9 mm/day in 
Uda Walawe left bank, 5.1 mm/day in Uda Walawe right bank, 2.7 mm/day  in Liyangastota left bank and 
6.3 mm/day in Liyangastota right bank. Hafeez [10] reports that in the Upper Pampanga River Integrated 
Systems, The Philippines in 2001, ETaGS were 569 mm/season for 118-days growing period in dry season 
and 569 mm/season for 130-days growing period in rainy season. 
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Fig. 5. Spatial distribution of seasonal actual evapotranspiration in the northern part of West Java in dry season 2004 
Lysimeter, scintillometers, Bowen ratio towers, or eddy covariance system are generally used to 
validate the SEBAL modeling results. Due to lack of those facilities, a stepwise plausibility analysis is 
carried out as suggested by Conrad et al. [11].  To account for possible errors when using MODIS data, in 
a first step, surface albedo ( 0) and emissivity ( 0) values are compared with the biophysical values of 
rice taken from secondary sources. The comparison between the values of albedo and surface emissivity 
from MODIS data with values in the literature showed the validity of the input parameters used in this 
study. Secondly, estimated ETa is compared with potential evapotranspiration, ETP, on lowland rice pixels 
that do not experience water shortages, with the consideration that in well-watered condition, ETa values 
will close or equal to ETP. Meanwhile, evaporative fraction ( ) is an indicator of soil moisture. According 
to Alexandridis et al. [12], optimum level of water consumption is reached at a value of =0.75, which 
means at this level, the plant may not experience water shortages. Therefore, in this study ETa values are 
compared with ETP values on rice pixels with  value  0.75. For this purpose, ETP was calculated using 
FAO Penman-Monteith model. The difference value between ETa and ETp is referred to as deviation, 
which describes the accuracy level of the estimation results of ETa. Table 4 presents the results of 
comparative analysis between daily ETa and ETP in well-watered rice pixels. Those values indicate that in 
this study SEBAL model provides plausible results. 
                                              Table 4. Comparison of ETa24 dan ETp24 values on well-watered rice pixels.  
Absolute MD (%) MD RMSD 
0.7 mm/day 18.5 % ± 0.8 mm/day 
                                              MD = Mean Deviation; RMSD  = Root Mean Square Deviation 
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4. Conclusion 
The purpose of this study is to demonstrate the potential of remote sensing technology to estimate 
lowland rice water consumption. The methodology proposed in this study which synthesizes SEBAL 
model with rice phenology detection model is proved to be effective in estimating seasonal actual 
evapotranspiration in paddy fields with heterogeneous cropping calendar with plausible results. The 
developed method is able to describe spatio-temporal variability of lowland rice actual evapotranspiration 
in the northern part of West Java region in the growing period of dry season year 2004. The average 
seasonal actual evapotranspiration of rice is found to be 274.5 mm/season with standard deviation ±44.7 
mm/season, while the average daily actual evapotranspiration ranged from 1.21 to 3.38 mm/day. The 
average of mean deviation between daily actual evapotranspiration and daily potential evapotranspiration 
on well-watered paddy fields is 18.5%. It can be concluded that by applying this methodology, valuable 
information is generated for water resource planners and irrigation managers on the spatial distribution of 
rice water consumption as a parameter of crop water productivity.  
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